Gaseous nitric oxide (NO) is a potent selective pulmonary vasodilator. When mixed with O2 for more than 10-15 minutes it forms toxic amounts of nitrogen dioxide (NO!). We describe two techniques to administer 20 parts per million (ppm) during mechanical ventilation. A technique using flows of NO and 02 at low pressure to drive a Siemens Servo 900C ventilator provided a constant inspired concentration of NO. Another technique in which NO was added to the inspiratory limb of a Siemens Servo 900C ventilator driven by high pressure oxygen provided a highly variable concentration (9-53 ppm) of inspired NO.
Nitric oxide (NO) is an endogeneous nitrovasodilator. When administered in gaseous form, it has a selective action on the pulmonary vasculature because it is inactivated in blood by the formation of methaemoglobin. It may be adopted widely by intensive care units and other critical care areas for the treatment of pulmonary hypertension.
Administration of the gas poses several problems. It is reputed to be a toxic agent to the lungs but the evidence for this is slim. I , More importantly, it reacts with oxygen (02) to form nitrogen dioxide (N02) which is known to damage pulmonary epithelium and to cause pulmonary oedema in animals. '" Toxic effects attributed to NO in the past have probably been due to N02. I The Australian health and occupational safety level for NO exposure is 25 parts per million (ppm) as a time-weighted average (TWA) over eight hours. For N02, it is 5 ppm for short-term exposure and 3 ppm as a TWA." In clinical use, the concentration of NO must be strictly regulated and the gas should not be permitted to contaminate the immediate environment. The duration of mixing of 02 and NO must be restricted and the use of NO and 02 prescribed in the minimum effective amounts. A concentration of 20 ppm NO may be mixed with 98-100070 02 for 5-12 minutes before a potentially toxic amount of NO? is formed." <B.\kcI.Sci.(I/OIl.), \1.1 cl .. I. \.:\.1.( .. \., iJc'I'"l\ iJirc'ct,,,. ·;B.ArrI.Sc., iccllllologi\l, .I.II.ArrI.Sc" iccl1ll01()gi,t.
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We describe two techniques for the administration of NO therapy and analyse their abilities to deliver a constant concentration. The source of nitric oxide was an inert mixture with nitrogen (NO-N2) in cylinders supplied by Commonwealth Industrial Gases Limited. The concentration of the source gas, [NOls, was 220 ± 4 ppm or 993 ± 20 ppm. These preparations contained higher oxides of nitrogen (induding N02) in approximate amounts of 10 and 17 ppm respectively.
TECHNIQUE USING LOW PRESSURE SOURCES OF NO AND 02
NO was administered via a Servo Ventilator 900C (Siemens-Elema AB, Solna, Sweden). This ventilator can be run with an input of NO and 02 at low pressure. The working pressure of the ventilator may be reduced, but this is optional. This allows excess gas to spill from the bellows of the ventilator and hence minimises mixing time for NO and 02. If this option is chosen, however, the working pressure must be maintained above the circuit peak inspiratory pressure. Adjustment of the working pressure of the ventilator affects lung-ventilator interaction. 9 We operate the ventilator in the pressure control mode. The ventilator may also be operated in the volume-controlled mode but the total gas flow input must exceed the preset inspired minute volume by 10-20070. '0 The flow of NO-Ne was regulated by an air rotameter (precision Medical, Northampton, Pennsylvania, USA). The flow of 02 was regulated by an 02 rotameter (CIG Health Care, Homebush, NSW, Aus-( ralia). The gases were mixed via a Y-piece and piped into the ventilator at its low pressure inlet. The concentration of source oxygen [02ls was regulated by 11 Figure 1 .
To use the system, the desired concentration of inspired NO is first determined approximately by setting the relative flows of NO-N2 and 02. Regulation of flow by rotameter, particularly at low flows, is unreliable but serves as an initial guide. To ensure accurate delivery of NO, the ratio of the concentrations of inspired 02 and of source 02 is utilised to finely adjust the flows. Consider an example in which a patient requires a concentration of 20 ppm NO and 65070 02. If the concentration of source NO is 220 ppm, the approximate ratio of flow from the sources of NO-N2 and 02 required is 1:9. Total flow is determined by the requirements for minute ventilation and inflation pressure. By substituting into the formula above 20=220 {l-0.65/[01]S}, the source 02 concentration is set at 71% and the relative flows of NO and 02 finely adjusted so that the inspired 02 concentration is 65%. After setting the relative flows, the inspired 02 and ventilatory parameters may be adjusted according to the patient's requirements.
To prevent contamination of the immediate environment, exhaled gases and gases spilled from the release valve of the bellows inside the ventilator were vented to the external atmosphere via the hospital suction system, with the approval of the hospital's h o v p se Engineering Department. Scavenging from the bellows was achieved by fixing a nipple over the external vent, which allows spilled gas to escape from the casing at the rear of the ventilator. Care was taken to prevent dislodgement of the pressure release valve for the bellows, which is located inside the casing immediately opposite the external vent. Such dislodgement causes ventilator failure. An accessory for the ventilator (Servo Evac 180) enables safe scavenging of exhaled gases and spill from the bellows.
Cuffed endotracheal tubes are used when appropriate to the age of the patient; otherwise close-fitting uncuffed tubes are selected. The outlet of the ventilator circuit is plugged whenever disconnected from the patient. Disconnection, which interrupts NO therapy, is avoided. Endotracheal suction is performed through a Stocks suction bullet or a bronchoscopy adaptor. It is possible that NO attains only negligible concentration in the ward atmosphere and some of these precautions may not be necessary. However, until this is demonstrated, it appears prudent to minimise contamination by scavenging all gases and avoiding direct escape to the immediate environment.
We conducted a bench test of the system to inspect the uniformity of inspired NO concentration. The inlet flow of 100% 02 was set at 6 lImin. The ventilator was operated at 20 breaths/min, with a peak pressure of 15 cmH20. (Medical Graphics, St Paul, Minnesota), with a rapid response time « 100 msec) was also placed in the inspiratory limb. The concentration of inspired 02 over a period of 30 seconds was printed out and is presented in Figure 2 . The graph indicates a constant 02 concentration and, by inference, a constant concentration of inspired NO. Also of interest in the figure is the inspired 02 concentration, which is indicated as 90070. This implies that the inspired NO concentration was 22 ppm. It also implies that the use of an oxygen analyser designed for clinical use, such as the Hudson analyser, is a potential source of error. Other sources of error with this technique are the use of an oxygen rotameter to regulate flow of a mixture of air and oxygen and the use of an air rotameter to regulate flow of a mixture of NO and nitrogen. However, these sources of error are probably minor. If a concentrated preparation of NO in N2 (e.g. 1000 ppm) is used, errors of a few per cent in 02 concentration indicated by a blender or analyser may lead to large errors in delivered NO. To minimise this problem, it is prudent to utilise the ratio of flows of NO-N02 and of 02, as well as the concentrations of source and inspired 02, to calculate the concentration of inspired NO. Despite these disadvantages, this technique has a major advantage in providing a constant concentration of NO. The system for NO administration has additional advantages. The pH of the water in the humidifier (Fisher and Paykel Healthcare model MR 600, Auckland, NZ) was recorded at 6.7 before the test and at 6.7-6.8 after seven hours, thus indicating that the formation of acidic byproducts of NO was not significant.
TECHNIQUE USING INTRODUCTION OF NO INTO THE INSPIRATORY CIRCUIT
An alternative technique of NO administration has been mentioned in medical literature,12 but not analysed. This technique is the introduction of a constant flow of NO (at low pressure) into the proximal part of the inspiratory limb of the circuit of a ventilator run with source 02 at high pressure. This is a simple technique but it may allow a high concentration of NO to accumulate in the inspiratory limb during expiration and subsequently deliver a high concentration of NO. The technique may be satisfactory if a specific NO detector, with a rapid response time and frequent sampling, is incorporated into the distal part of the inspiratory limb. This would ensure that high concentrations of NO are not delivered inadvertently. We also bench-tested this technique without an NO detector.
The Servo Ventilator 900C was operated in volume control mode with a minute ventilation of 6 IImin, 20 breaths/min and inspiratory:expiratory ratio of 3:7. High pressure oxygen (100070) was introduced to the high pressure inlet of the ventilator. The flow of NO (x) from a cylinder of 220 ppm in N2 was calculated to provide a similar concentration of inspired NO (17 ppm) as in the previous technique when added to a minute inspiratory volume of 6 IImin (17 = 220.x/ 6.0 + x). The NO flow (0.5 l/min) was added to the proximal part of the inspiratory circuit by aT-piece. The 02 concentration in the distal part of the circuit was monitored with the Hudson 02 analyser and also by the Medical Graphics gas analyser. The Hudson analyser displayed a concentration of 97070 without variation, over a period of 30 seconds. This implies that the concentration of inspired NO was 7 ppm, not 17 ppm [NO]I = 220 {I-0.97/1.00}. The inspired 02 concentration, as determined by the Medical Graphics analyser, is presented in Figure 3 . This revealed a marked variation, from approximately 76070 to 96070, over each respiratory cycle. It can be calculated that the concentration of inspired NO must have been similarly variable from 53 ppm to 9 ppm. We concluded that this technique does not provide a constant concentration of NO. Moreover, the use of the Hudson oxygen analyser, which has a slow response time (97070 in 10 seconds), is unsuitable for the calculation of the concentration of inspired NO when used with this system. Another technique for the delivery of NO via the inspiratory limb is the use of a nebuliser circuit which delivers NO during the inspiratory period. 13 It has not been described in detail. A third technique of NO delivery via the inspiratory limb arises with ventilators that provide constant flow throughout inspiration and expiration. 14 This would enable constant NO delivery but scavenging from a typical ventilator, such as the Bear Cub Infant ventilator, is more difficult than from the Servo Ventilator 900e.
CONCLUSION
We have described two techniques for NO therapy during mechanical ventilation. The preferred technique is one in which low pressure NO and 02 are used to operate the ventilator. This technique provides a constant concentration of NO during inspiration. This technique, in the absence of a NO detector, has sufficed for the use of NO therapy in mechanically ventilated patients with life-threatening conditions. 15 Ideally, both NO and N02 concentration in the inspiratory circuit Anaesthesia and Intensive Care, Vol. 21, No. 6, December, 1993 and in the immediate environment should be measured routinely with a chemiluminescence apparatus.
